EPSPs that trigger dendritic spikes. We explored the relative contribution of these sources of depolarization to LTP induction during synaptically driven action potential firing in hippocampal CA1 pyramidal neurons. Pairing of a weak test input with a strong input resulted in large LTP (ϳ75% increase) when the weak and strong inputs were both located in the apical dendrites. This form of LTP did not require somatic action potentials. When the strong input was located in the basal dendrites, the resulting LTP was smaller (Յ25% increase). Pairing the test input with somatically evoked action potentials mimicked this form of LTP. Thus, back-propagating action potentials may contribute to modest LTP, but local synaptic depolarization and/or dendritic spikes mediate a stronger form of LTP that requires spatial proximity of the associated synaptic inputs.
Introduction
Since its discovery (Bell et al., 1997; Markram et al., 1997; Bi and Poo, 1998) , spike-timing dependent plasticity (STDP) has attracted considerable attention (Abbott and Nelson, 2000; Bi and Wang, 2002; Kepecs et al., 2002; Roberts and Bell, 2002; Tsodyks, 2002; Poo, 2004, 2006) , in part because of its seemingly simple dependence on a single, easily quantifiable parameter. In the neocortex and hippocampus, however, other factors, such as spike frequency and synaptic strength, influence the induction of STDP, not only quantitatively, but also in a qualitative manner (Sjöström et al., 2001; Wittenberg and Wang, 2006) . These factors have been shown to exert their influence by providing postsynaptic depolarization, which is known to promote long-term potentiation (LTP) of synaptic strength Gustafsson et al., 1987) .
The action potential is an important source of depolarization for Hebbian LTP (Magee and Johnston, 1997; Sjöström and Häusser, 2006) , but it is not required under all conditions (Lisman and Spruston, 2005) . Simple and direct evidence of this is the fact that LTP can be induced under somatic voltage clamp, provided that the holding potential is sufficiently depolarized (Malinow and Tsien, 1990) . LTP can also be induced by strong synaptic stimulation, even if somatic action potentials are prevented. In this case, dendritically initiated spikes provide an important source of the necessary postsynaptic depolarization (Golding et al., 2002; Remy and Spruston, 2007) . Even when action potentials do occur, an important aspect of their function may be to trigger dendritic calcium spikes (Larkum et al., 1999) , which facilitate the induction of LTP (Kampa et al., 2007) . Dendritic spikes are likely to be effective sources of depolarization for LTP, because they are broader and larger than back-propagating action potentials (bAPs), especially in distal dendrites (Golding et al., 1999; Larkum et al., 2007) .
An important question for understanding the induction requirements for LTP is which of these sources of depolarization, synaptic potentials, back-propagating action potentials, or dendritic spikes, is most important for the induction of LTP during synaptically driven activity? We addressed this question in CA1 pyramidal neurons in rat hippocampal slices. Physiologically relevant stimuli capable of inducing LTP (Larson and Lynch, 1986) were generated by stimulating presynaptic inputs just strongly enough to drive action potential firing and repeating the stimulus at theta frequency (5 Hz). By comparing LTP induced in this manner to that induced with action potentials evoked by somatic current injection or in the absence of action potentials, we evaluated the relative contribution of action potentials and other sources of depolarization during synaptically induced LTP. We find that the ability of action potentials to provide the depolarization necessary for LTP is less effective than synaptic potentials and dendritic spikes, which induce strong LTP, but only at synapses located on a common dendritic domain.
Materials and Methods
All experiments were performed under the approval of the Northwestern University Animal Care and Use Committee.
Hippocampal slice preparation. Transverse hippocampal slices (300 m) were prepared from 4 to 8 week-old Wistar rats anesthetized with halothane or isoflurane. Animals were perfused through the heart with ice-cold artificial CSF (ACSF) (see composition below) and the brain was removed rapidly into ice-cold ACSF, and then blocked for preparation of nearhorizontal slices using a vibratome.
Hippocampal slice electrophysiology. ACSF contained (in mM): 125 NaCl, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , 2 CaCl 2 , 25 dextrose. Recording temperature was 33 Ϯ 2°C. SR95531 (4 M) (Sigma-Aldrich) and 1 M CGP52432 (Tocris Bioscience) were added to the ACSF for pharmacological blockade of GABA A and GABA B synaptic transmission. Somatic and dendritic whole-cell current-clamp recordings were made using patch-clamp electrodes pulled from borosilicate glass and filled with intracellular solution containing (in mM): 135 K-gluconate, 7.5 KCl, 10 Na 2 -phosphocreatine, 10 HEPES, 2 MgATP, 0.3 NaGTP, 0.1% biocytin. Recordings were made using one or two bridge amplifiers (BVC-700; Dagan). Electrode resistance in the bath for somatic recordings ranged from 2 to 4 M⍀, and series resistance ranged from 8 to 20 M⍀. The dendritic electrode resistance was 6 -9 M⍀, and series resistance ranged from 15 to 40 M⍀. Electrophysiological traces were digitized by an ITC-16 board (Instrutech) under control of macros custom programmed in IGOR Pro (WaveMetrics). EPSP amplitude and initial slope were monitored by using 0.05 Hz synaptic stimulation. Bipolar electrodes fashioned from theta glass (Sutter Instruments) were used in conjunction with Dagan BSI-950 biphasic stimulators. Stimulating electrodes were positioned at least 75 m away from the recorded neuron. For all LTP experiments, EPSPs were monitored for a baseline that was at least 5 min, and for 20 -40 min after LTP induction. When noted, 10 M TTX was pressure-applied through a patch pipette positioned near the soma and axon initial segment under visual guidance. The pressure injection preceded the stimulation by 2 s and lasted ϳ5 s. The flow of solution was monitored by using 0.1% Fast Green in the TTX pipette and optimized to avoid TTX diffusion into proximal stratum radiatum (SR). TTX application prevented axonal action potential generation in response to large (1.5-3 nA, 5 ms) somatic current injections. Synaptic waveforms for current injections were generated using a function of the form: I(t) ϭ C ϫ (e (Ϫt/2 ) Ϫ e (Ϫt/1 ) ), where C is a scaled factor adjusted to give the desired maximum amplitude, and 1 and 2 , the rise and decay time constants, respectively, were 0.5 ms and 40 -60 ms, such that the resulting EPSP was similar in shape and duration to synaptically evoked EPSPs.
Data analysis and statistics. Analysis of electrophysiology data were performed using custom programs in IGOR Pro (Wavemetrics). Synaptic strength was quantified by the initial slope of the EPSP. For each response, a fit of the EPSP from 20 to 50% of its peak amplitude was verified by visual inspection to provide an appropriate measure of synaptic strength; improper fits and data contaminated by spontaneous EPSPs or other sources of noise were excluded from the final analysis. All statistical analyses were performed using Prism 4 software (GraphPad Software). The magnitude of LTP for each cell was determined by the change in average initial slope from the baseline period (5 min before pairing) to a comparable period 15-20 min after pairing. Pooled data from multiple cells were tested for significant potentiation using a oneway ANOVA with repeated measures. Statistical comparison of potentiation between two experimental groups was performed using two-way ANOVA with repeated measures. Comparisons between multiple groups was performed using one-way ANOVA with post hoc Bonferroni tests. Other comparisons were made using unpaired-and paired-sample Student's t tests, as indicated. For all statistical tests, significance was p Ͻ 0.05. All measurements are presented as mean Ϯ SEM.
Results

Synaptic inputs onto different dendritic domains
To investigate the interaction between segregated excitatory inputs onto CA1 pyramidal neurons during plasticity, two inputs were activated via extracellular stimulating electrodes (Fig. 1 A) . One stimulating electrode was placed in distal stratum radiatum (dSR) and stimulation intensity was adjusted to give a subthreshold EPSP (2-4 mV amplitude measured at the soma). This relatively weak input was used as the test pathway. The second stimulating electrode was placed proximal to pyramidal cell somata, either in proximal stratum radiatum (pSR) or in stratum oriens (SO). The stimulus intensity of the proximal input was adjusted to give a relatively strong input, such that a single pulse alone gave 1-3 action potentials. In another set of experiments proximal A weakly activated (2-4 mV somatic EPSP amplitude) dSR input (just below stratum lacunosum moleculare, SLM) was paired with a strong input [SR, SO, somatic current injection, somata in stratum pyramidale (SP)] that elicited an average of two action potentials, and repeated 40 times at 5 Hz. B, Protocol used to test for independence between pathways. First, the in-pathway facilitation ratio (initial EPSP slope ratio of response 2/response 1) was established for the weak pathway, and then cross-pathway facilitation (initial EPSP slope ratio of response 4/response 1) was determined by activating the strong pathway followed by the weak pathway (3, 4). Interpulse intervals were 50 -150 ms. C, Results of cross-facilitation experiments. For all three conditions, in-pathway facilitation ratios were significantly greater than 1.0 (Student's t test, p Ͻ 0.01), whereas cross-facilitation ratios were not ( p Ͼ 0.05). In-pathway facilitation ratios were greater than cross-facilitation ratios (paired t test, p Ͻ 0.01). Thus, there were few or no shared fibers between the different input pathways. D, Twenty to eighty percent rise times of EPSPs elicited by dSR stimulation were significantly longer than rise times of pSR or SO EPSPs (paired t test, p Ͻ 0.01). Cells were held at approximately Ϫ80 mV to prevent contamination of responses with action potentials.
synaptic stimulation was replaced by a synaptic current waveform injected through the somatic recording electrode.
In some experiments, pathway independence was determined by using a cross-facilitation protocol (Fig. 1 B) . Within-pathway facilitation was measured using intervals of 50 -150 ms. To verify that the second, strong pathway did not directly activate fibers in the pathway of interest, a single stimulus was delivered to the strong pathway, followed by a second stimulus delivered to the test pathway 50 -150 ms later (Fig. 1 B) . For dSR and SO inputs, in-path facilitation was significantly greater than 1.0 ( p Ͻ 0.01, Student's t test), was significantly different from the crossfacilitation ratio ( p Ͻ 0.01, paired t test), and the crossfacilitation ratios were not significantly different from 1.0 (Student's t test) (Fig. 1C , n ϭ 7 for pSR-dSR; n ϭ 6 for SO-dSR; n ϭ 6 for pSR-SO). Thus, the activated pathways were indeed separate, with few or no shared fibers between the different pathways. Consistent with their expected dendritic locations, the 20 -80% rise times of the dSR EPSPs, were greater than the rise times of pSR and SO EPSPs (2-4 mV EPSPs, dSR: 5.4 Ϯ 0.3 ms; pSR: 4.0 Ϯ 0.2 ms; SO: 3.6 Ϯ 0.3 ms, p Ͻ 0.01, paired t tests).
Plasticity of remote synaptic inputs paired with suprathreshold somatic current injections
Previous studies in CA1 neurons have shown LTP when small EPSPs are paired at a relatively low frequency (Յ5 Hz) with action potentials evoked by current injection (Meredith et al., 2003; Wittenberg and Wang, 2006; Campanac and Debanne, 2008) . To compare the magnitude of LTP induced in this way to that induced with synaptically evoked action potentials, we paired a weak dSR input with action potentials elicited by somatic current injection, with the amplitude of the current injection set to trigger 1-3 action potentials when paired with the dSR input. Pairing was repeated 40 times at 5 Hz (Fig. 2 A) . Consistent with previous findings, we found that this protocol resulted in a modest amount of potentiation ( Fig. 2 B, C; 24.6 Ϯ 0.1% increase at 15-20 min after induction, p Ͻ 0.01). An unpaired control input in pSR was unchanged ( Fig. 2 B 
, C).
To compare LTP of proximal and distal inputs paired with action potentials elicited by current injection, we paired a weak pSR input with action potentials evoked by somatic current injection (Fig. 2 D) . Similar to the amount of LTP of dSR inputs, this protocol resulted in a trend toward potentiation ( Fig. 2 E, F ; 30.7 Ϯ 0.2% increase, p ϭ 0.09). The unpaired dSR control input increased by 26.1 Ϯ 0.2%, but was not significantly different from the control period ( p ϭ 0.2). Thus, when paired with weakly activated SR inputs at low frequency, action potentials produce little or no synaptic plasticity.
Associative plasticity of adjacent and remote synaptic inputs
We paired a weak test input in dSR (2-4 mV EPSPs) with synaptically driven action potentials produced by stimulation of synaptic inputs onto the basal dendrites in SO (Fig. 3A) . As in the case with current injection, the SO stimulus intensity was set to trigger 1-3 action potentials when paired with the dSR input. After this pairing protocol we observed a significant but modest potentiation of the test EPSP evoked by stimulation of dSR ( Fig.  3 B, C; 33.4 Ϯ 0.1% increase, p Ͻ 0.01). To monitor SO synapses before and after the pairing, stimulus intensity of the SO stimulating electrode was reduced during the baseline and monitoring period to result in a small EPSP (2-4 mV). The pairing resulted in potentiation of this input as well ( Fig. 3 B, C; 39.7 Ϯ 0.2% increase, p Ͻ 0.01).
We compared the LTP above, induced in dSR when action potentials were evoked by a remote input (SO), to that induced by pairing of an adjacent (pSR) input (Fig. 3D ). In this case, larger potentiation of the dSR input resulted (Fig. 3 E, F ; 82.5 Ϯ 0.1% increase, p Ͻ 0.01), as well as potentiation of the strongly activated pSR pathway (36.2 Ϯ 0.1% increase, p Ͻ 0.01). Surprisingly, the EPSPs from the strongly activated pSR input were potentiated less than the weakly activated dSR input (Fig. 3 E, F ; p Ͻ 0.05). Weak dSR paired with strong pSR in the presence of AP-5 (50 M) did not result in plasticity ( p Ͼ 0.05, repeated measures one-way ANOVA, weak dSR 106 Ϯ 15% of baseline; strong pSR 86 Ϯ 18%)
The potentiation of dSR paired with strong pSR activation was greater than the potentiation of dSR paired with either strong SO activation or somatic current injection ( Fig. 4 ; p Ͻ 0.01), as well as the unpaired dSR pathway in experiments in which weak pSR was paired with current injections ( Fig. 4 ; p Ͻ 0.05).
The reduced potentiation of strongly activated pSR compared with weakly activated dSR (Fig. 3F ) may be a result of a site dependence or strength dependence of plasticity. Thus, we investigated whether strongly activated dSR synapses are potentiated. Strongly activated dSR paired with weakly activated pSR resulted in a relatively strong potentiation of dSR, as well as potentiation of weakly activated pSR ( Fig.  5A-C ; pSR ϭ 60.5 Ϯ 0.2%, dSR ϭ 76.6 Ϯ 0.2%, increase, p Ͻ 0.01 for each). Thus, the test pathway in dSR was potentiated after cooperative activation of a large number of synapses in the distal pathway. This level of potentiation was greater than the case of weakly activated dSR paired with current injection ( p Ͻ 0.05), and the case of strongly activated SO paired with weakly activated dSR ( p Ͻ 0.01). Thus, strong synaptic depolarization, when located at the test input or near it on the same dendrite, resulted in LTP of greater magnitude than the case of current injection at the soma (Fig. 2) or synaptic inputs located remotely from the site of the test input (Fig. 3C) .
Dendritic events mediating short-range associative plasticity
The enhanced plasticity of strongly activated dSR or weakly activated dSR paired with strongly activated pSR, compared with pairing with strong SO or current injection, may be because the two inputs were located on the same dendrite, thus resulting in greater depolarization at the site of the weak dSR input. Alternatively, strong pSR may activate additional pathway-specific biochemical cascades that facilitate potentiation of the dSR input. Thus, we mimicked the synaptic depolarization at the site of the weak dSR input by recording in the distal region (200 -300 m), and pairing a synaptic waveform current injection through the dendritic recording electrode with weakly activated dSR synapses (Fig. 6 A) . Because EPSPs were recorded via the dendritic recording pipette, the stimulus intensity was adjusted to give larger EPSP amplitudes (4 -8 mV), such that dendritic attenuation would result in somatic EPSP amplitudes similar to experiments with somatic recordings. In this condition, significant potentiation was observed (Fig. 6 B, C; 76.6 Ϯ 0.2% increase, p Ͻ 0.05). This potentiation was not different from that observed after pairing with strong pSR (Fig. 3F, p ϭ 0.92) , indicating that the greater depolarization at the site of the dSR synapses is responsible for the enhanced plasticity observed with strong pSR-weak dSR pairings, and not additional biochemical mechanisms recruited by strong pSR stimulation.
To insure that potentiation during dendritic current injections was not a result of greater depolarization than the case of synaptic activation, the membrane potential in this condition was compared with the membrane potential measured in dendritic recordings during strong pSR paired with weak dSR inputs (compare Figs. 6 A and 8 A; p Ͼ 0.05, Student's t test, average membrane potential during 200 ms of induction pulse: pSR paired with dSR, Ϫ57.7 Ϯ 2.6 mV; dendritic current injection paired with dSR, Ϫ49.5 Ϯ 3.8 mV). Furthermore, there was no correlation in the amount of plasticity observed for the case of dendritic current injections paired with dSR with the level of depolarization measured at the recording electrode (slope not significantly different from zero, p ϭ 0.87), indicating that there is a threshold level of depolarization required for plasticity of the weak dSR input, and that the depolarization levels tested here were above that level.
We tested whether the somatic action potential is required for plasticity during pairing of weak and a strong input colocalized on the apical dendrites. To investigate this, we blocked the generation of somatic action potentials by localized pressure application of TTX near the soma while pairing weak dSR and strong pSR inputs (Fig. 6 D) . To insure that somatic sodium channels were blocked during TTX pressure application, a synaptic current waveform was injected through the somatic recording electrode less than one second before and after synaptic activation. The amplitude of the synaptic waveform resulted in a depolarization at least as great as that caused by the synaptic stimulation. Only cells in which the synaptic waveform current injections resulted in no regenerative events were used. A robust potentiation of the weak dSR input was observed (Fig. 6 E) . In the pooled data from all experiments, the weak dSR input potentiated significantly (Fig. 6 F; 75.5 Ϯ 0.3% increase, p Ͻ 0.01). Furthermore, this potentiation was not different from the control condition (83% vs 76%, p ϭ 0.36), suggesting that under these conditions the back-propagating action potential is not a significant factor contributing to synaptic plasticity. In 3 of 8 experiments, the pSR input was robustly potentiated, whereas in 5 of 8 experiments pSR was strongly depressed, resulting in less potentiation of the strong pSR inputs than in the control condition. This result should be interpreted with caution, because of the possibility that pSR inputs are reduced as a result of diffusion of TTX from the cell body layer to the proximal synapses. The large potentiation of the dSR input, however, indicates that the back-propagating action potential is not required for potentiation of the distal input when paired with the strong proximal input.
Potentiation of the dSR pathway was not different when LTP was induced by either pairing with strong pSR activation, strong activation of dSR, during the blockade of somatic action potentials with somatically applied TTX when weak dSR was paired with strong pSR, or when synaptic inputs were mimicked by current injection through a dendritic recording electrode (Fig.  7A) . Thus, potentiation of distal inputs requires a sufficient level of depolarization, which does not have to be synaptic, and does not require back-propagating action potentials.
Depolarization during different induction conditions
The enhanced plasticity of the weak dSR input when it was colocalized with a strong input to pSR may be attributable to electrical cooperativity, with greater depolarization at the site of the dSR synapses when paired with strong pSR stimulation than with strong SO stimulation. To test this, we performed a series of dendritic recordings in which the weak dSR was paired with either a strong pSR or strong SO input in the same cell (n ϭ 5, Fig.  8 A) . Stimulus intensities of both pSR and SO were adjusted such that 1-2 action potentials occurred with a single independent strong stimulus. Weak dSR was paired with either SO or pSR (either 2 ϫ 40 or 8 ϫ 5 times) at 5 Hz. pSR and SO pairings were alternated at least twice. The depolarization at the site of the dendritic recording during the induction protocol for the two conditions was compared. As expected, both the peak of the first spike and the maximum voltage reached during the pairings were larger during strong pSR stimulation than during strong SO stimulation (Fig. 8 B) . The total integral of depolarization was also greater for pSR than for SO (pSR: 2260 Ϯ 320 mV ⅐ ms; SO: 1160 Ϯ 135 mV ⅐ ms, paired-sample Student's t test, **p Ͻ 0.01). Thus, a likely mechanism for enhanced potentiation of dSR paired with pSR when compared with dSR paired with SO is the greater depolarization achieved during the dSR-pSR pairing.
Previous studies have shown that distal inputs can be potentiated in a manner independent of the back-propagating action potential, but requiring the generation of local dendritic spikes (Golding et al., 2002; Gordon et al., 2006; Remy and Spruston, 2007) . In those studies, dendritic spikes were generated in response to highfrequency bursts (100 Hz) of one strongly activated pathway. In contrast, the form of plasticity described here involves a cooperative interaction between two input pathways, and is induced by synaptic activation at a frequency of 5 Hz. We therefore performed simultaneous somatic and dendritic recordings to measure the dendritic depolarization that occurs in this paradigm. The dendritic recordings were made at distances ranging from 45 to 175 m from the soma (n ϭ 7). Local regenerative dendritic events were observed in some recordings (4 of 7 cells). Some of these dendritically originating events occurred after a back-propagating action potential had invaded the dendrite, and the dendritic spike did not subsequently trigger additional action potentials (Fig. 9A , inset, 3 of 7 cells, 13 events total in all cells during 80 pairings in each cell). In two cells we observed a dendritic spike that preceded the somatic action potential ( Fig. 9B ; in one cell, 1 event on the first pairing, observed twice in two separate pairings of 40; in the second cell, 13 of the first 15 pairings). These events occurred in recordings made close to the soma (45 and 90 m). Thus, a majority of the depolarization observed during these recordings was due to synaptic inputs or back-propagating action potentials, with local regenerative dendritic events observed occasionally. Because of the difficulty of observing dendritic spikes with a recording electrode at a single location, it cannot be concluded that they are absent in many cases. Rather, dendritic spikes clearly occur in some cases, and may occur in other cases where they are not observed.
Discussion
In general, the largest and most robust potentiation observed in this study resulted from cooperative synaptic inputs onto the same apical dendritic domain. This resulted in a greater local depolarization in the apical dendrites and a robust form of LTP that did not depend on back-propagating action potentials.
LTP exhibits the property of cooperativity, which means that multiple synapses must be synchronously activated in order for potentiation to occur (McNaughton et al., 1978; Levy and Steward, 1979) . Direct current injection via a recording electrode can eliminate the requirement for activation of many synapses (Gustafsson et al., 1987) , suggesting that the basis of cooperativity is the requirement for sufficient postsynaptic depolarization.
This feature of LTP is also responsible for the property of associativity, by which a strong pathway can lead to the potentiation of weaker, but coincidentally activated pathway (Levy and Steward, 1979; Barrionuevo and Brown, 1983; .
The depolarization required for associative LTP can be provided by synaptic potentials, back-propagating action potentials, or dendritic spikes. Although it is well known that action potentials are not required for the induction of LTP , under appropriate conditions they can induce LTP when paired with small EPSPs, even unitary events from single presynaptic axons (Markram et al., 1997; Bi and Poo, 1998; Sjöström et al., 2001) . Under natural conditions, however, action potentials result from synaptic excitation. We therefore compared the relative efficacy of action potentials and other sources of depolarization during the induction of associative LTP in the hippocampus. We found that action potentials evoked by current injection can re- Potentiation of dSR was observed with this protocol (76.6 Ϯ 0.2%, increase at 15-20 min post induction; repeated measures one-way ANOVA, *p Ͻ 0.05). Input resistance (R N ) was stable throughout the experiment. D, Schematic of the induction paradigm: weak dSR paired with strong pSR while locally applying TTX to block action potential initiation. Examples of membrane potential responses during pairing. E, An example experiment for an individual cell with membrane potential responses before and after pairing (scale same as in B). F, Pooled data for all experiments with pairing as shown in A. Local puff application of TTX near the soma did not prevent potentiation of the weak dSR input (75.5% increase at 15-20 min post induction; repeated measures one-way ANOVA, **p Ͻ 0.01). In some cases TTX application affected synaptic responses for up to 5 min after application, so these points are deleted from the summary plot. No potentiation of the strong pSR input was observed (but see main text for important caveat). R N was stable throughout the experiment.
sult in modest potentiation of pSR or dSR (ϳ25% potentiation). This potentiation, however, was not significantly greater than the unpaired controls for each pathway (30.7 Ϯ 0.2% vs 9.9 Ϯ 0.1% for pSR and 24.6 Ϯ 0.1% vs 26.1 Ϯ 0.2% for dSR; repeated measures ANOVA, p ϭ 0.11 for pSR and p ϭ 0.59 for dSR). Thus, modest potentiation may occur during pairing with somatically elicited action potentials, but it is difficult to detect when compared with control, nonpaired pathways. By comparison, potentiation was significantly greater (ϳ75% potentiation) when the small EPSP was paired with colocalized synaptic inputs that were sufficient to induce spiking (Fig. 4) .
Differences in protocols and experimental preparations make it difficult to directly compare the results reported here with previous studies, but our results are generally consistent with the modest degree of potentiation when small EPSPs are paired with action potentials at low frequency (Sjöström et al., 2001; Meredith et al., 2003; Wittenberg and Wang, 2006; Campanac and Debanne, 2008) . Also consistent with previous studies (Watanabe et al., 2002; Frick et al., 2004; Buchanan and Mellor, 2007) , we also find potentiation that occurs under these conditions and is not due to pairing of EPSPs and action potentials. Rather, action potential firing may cause some nonspecific potentiation, even in unpaired synaptic inputs (Buchanan and Mellor, 2007) . Despite this observation, there is considerable evidence that action potentials can influence synaptic plasticity. In hippocampal neurons, back-propagating action potentials are required for LTP under some conditions (Magee and Johnston, 1997) and action potential firing can prolong the duration of LTP as well (Raymond, 2008) . In neocortical pyramidal neurons, amplifying back-propagating action potentials via dendritic depolarization can convert LTD to LTP (Sjöström and Häusser, 2006) and calcium spikes triggered by back-propagating action potentials can lead to the induction of LTP (Kampa et al., 2006) . Furthermore, action potentials occurring just before EPSPs can lead to LTD (Markram et al., 1997; Bi and Poo, 1998; Wittenberg and Wang, 2006) . Thus, action potentials can influence plasticity in a variety of ways.
Our study is the first direct comparison of LTP induction after synaptic vs nonsynaptic postsynaptic depolarization during low frequency pairings. In contrast to the modest amount of associative LTP induced with current-evoked action potentials or spatially distributed strong and weak inputs, spatially restricted inputs produced approximately three times as much LTP with the same number of pairings (ϳ75% increase). This form of shortrange associative LTP did not require action potential firing at all, suggesting that other sources of depolarization are responsible for this form of LTP. Furthermore, substituting dendritic current injection for the strong proximal input could mimic the large LTP of distal inputs produced by pairing with a strong proximal input, suggesting that the strong input facilitates LTP simply by providing depolarization, and not by providing some other local biochemical effect. Other forms of LTP that do not require action potentials firing have been reported previously (Golding et al., 2002; Dudman et al., 2007; Remy and Spruston, 2007) . Our results extend these observations by quantifying the relative amount of LTP induced under conditions when action potentials are elicited with current injection versus synaptic stimulation.
Dendritic recordings revealed that the apical dendritic response, near the potentiated synapses in dSR, was consistently larger during the short-range associative pairing than during the long-range pairing. One simple explanation for this result is that the synaptically mediated depolarization is larger at the weak input during the short-range pairing. In addition, however, dendritic recordings revealed the presence of apparently regenerative dendritic responses during the short-range pairing. Although these events were not abundant, dendritic spikes are likely to occur more often than can be easily observed in recordings from the main apical dendrite. Direct evidence supports the notion that activation of a few as 10 spines can trigger dendritic spikes in Figure 7 . Potentiation of dSR inputs was similar when significant depolarization occurs on the same dendrite, and did not require back-propagating action potentials. A, Schematic of the protocols used to induce plasticity. B, Potentiation ratios of dSR inputs. Significant potentiation of the distal input was observed for all conditions (one-way ANOVA with repeated measures, p Ͻ 0.05, not indicated). Comparisons of potentiation across groups were made using one-way ANOVA with post hoc Bonferroni tests compared with the reference case of weak dSR paired with strong pSR (NS, not significant). Figure 8 . Pairing of a strong pSR input with a weak dSR input resulted in significantly greater dendritic depolarization than pairing dSR with strong SO. A, Dendritic recordings were made on the apical dendrite (175-275 m from the soma) and a weak dSR input was paired 5 or 40 times at 5 Hz with either strong pSR or SO activation, and these pairings were alternated between strong pSR and SO at least twice in any given cell. Examples of dendritic membrane potential responses during the first, fifth, and 40th pairings of dSR with pSR (black) or SO (gray). B, For the first action potential peak and maximum membrane voltage during pairings, strong activation of pSR resulted in greater depolarization compared with strong activation of SO (paired-sample Student's t tests, **p Ͻ 0.01). The integral of membrane voltage for each pairing was greater for the case of strong pSR activation when compared with strong SO activation (pSR: 2260 Ϯ 320 mV ⅐ ms; SO: 1160 Ϯ 135 mV ⅐ ms, paired-sample Student's t test, **p Ͻ 0.01) apical oblique branches, but that these spikes attenuate to just a few millivolts over distances of ϳ100 m (Losonczy and Magee, 2006) . Furthermore, dendritic spikes are very powerful inducers of LTP, as even a single dendritic spike can lead to Ͼ50% LTP (Remy and Spruston, 2007) . Thus, our data indicate that the strong synaptic input, although just above threshold for action potential firing, is strong enough to evoke local dendritic spikes, which together with the synaptic depolarization, are sufficient to contribute to the induction of powerful LTP that is not affected by the back-propagating action potentials. The larger depolarization occurring near the strong input likely results in the activation of more calcium entry through NMDA receptors and calcium channels, which may explain the enhanced LTP observed during short-range associations (Sjöström and Nelson, 2002) .
In addition to the associative potentiation of the weak input, we also observed LTP of the strong input itself. Interestingly, however, this potentiation was greater for distal apical inputs (dSR, ϳ75% increase) than for proximal apical or basal inputs (ϳ35% increase). This finding suggests that there are inherent differences in the proximal versus distal synapses, or in modulatory receptors (metabotropic) that are activated in these regions. Intriguingly, this could lead to greater potentiation of distal inputs, thus explaining observations that some distal synapses are physically larger and have larger conductances compared with proximal synapses (Magee and Cook, 2000; Nicholson et al., 2006) , and leading to some compensation for the effect of dendritic distance on the somatic EPSP.
Although our study focused entirely on LTP, the results also have implications for LTD induction rules. Previous studies demonstrating that spikes preceding EPSPs lead to LTD have all been performed using current-evoked action potentials. Our finding that synaptic depolarization has a stronger potentiating influence than back-propagating action potentials suggests that the location of the strong synaptic input driving the action potentials will influence the induction of LTD at synapses activated after the spiking. It is likely that this potentiating influence would reduce LTD or overcome it, suggesting that whether synapses depress or not will depend on their location relative to the strong input. This effect is also likely to influence the presynaptic-postsynaptic timing rules that govern the induction STDP.
In summary, we directly compared the LTP of a weak test input paired with action potentials evoked by somatic current injection, a strong synaptic input onto a separate dendritic compartment, or a strong input onto the same dendritic compartment. We find that action potentials evoked by current injection or strong inputs onto a separate dendritic compartment have a modest potentiating effect, whereas synaptic potentials and/or dendritic spikes induced by a strong input on the same dendrite as the test input provide a more effective signal for the induction of LTP. Although considerable evidence from previous studies suggests an important role for back-propagating action potentials in regulating the induction of synaptic plasticity, a key point is that when action potentials are evoked by synaptic input, as expected under natural conditions in vivo, the potentiating effect of the synaptic potential and dendritic spikes exceeds that of the action potential, resulting in larger potentiation of colocalized synapses that comprise the strong input. 
